Lamb pulse observed in nature by Kanamori, Hiroo & Given, Jeffrey W.
RESEARCH L•.TT•.RS, VOL. 10, NO. 5, PAGES 373-376, NAY 1983 
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Abstract. Seismograms observed at Longmire, Washington, 
for four eruptions of Mt. St. Helens (May 18, June 13, August 7, 
and August 8, 1980), can be interpreted as Lamb pulses excited by 
a nearly vertical single force that represents the counter force of 
the eruption. These data provide reliable estimates of the impulse 
of the force K (time integral of the force) from which the total 
momentum and the kinetic energy, E, of the ejecta associated with 
the eruption can be estimated. The values of K are estimated to 
be 1.4 x 1019, 1.4 x 1016, 3.7 x 1015, and 2.8 x 1015 dyne-s 
for the four eruptions (chronological order), respectively. The 
corresponding values of E are estimated to range from 0.70 to 
2.6 x 1023, 0.70 to 2.6 x 1020, 1.9 to 6.9 x 1019, and 1.4 to 
5.3 x 1019 ergs using values of ejecta velocity. ranging from 100 
to 375 m/s. The ratio of K to the amplitude of the 'air wave 
excited by the eruption is 20 to 40 times larger for the main event 
on May 18 than for the other events suggesting a significant differ- 
ence in the eruptive mechanism. Our results demonstrate that a 
digital seismograph in the vicinity af volcanoes provides a simple 
means for quantification of the explosive power of a volcanic 
eruption. 
Lamb (1904) computed the transient response of a homogene- 
ous elastic half space to a single force with various geometries, and 
showed that a pronounced pulse propagates along the free surface 
with the Rayleigh-wave velocity. This pulse is preceded by minor 
pulses which propagate with P- and S-wave velocities. Here, we 
collectively call these pulses the Lamb pulse. Many theoretical 
studies on this problem have been made since then (e.g. Nakano, 
1925; Lapwood, 1949; Pekeris, 1955; Chao, 1960; Burridge, 1966; 
Johnson, 1974; Kind, 1978; Richards, 1979). 
Observationally, however, the Lamb pulse is seldom se.en in 
its simplest form. Usually, observed seismograms are far more 
complex than predicted' by Lamb (1904), because of the hetero- 
geneity of the propagation medium and the complexity of the 
source. The source of the most naturally occurring events is 
represented by force couples rather than single forces. One not- 
able exception is the observation by Benioff (1964). Benioff 
observed an unusual waveform from a deep earthquake in South 
America and argued that it was a Lamb pulse produced by a verti- 
cal single' force with a step-function time history. He suggested 
that this single force represents a sudden collapse of a small 
volume of rock at the focus. Here we present examples of Lamb 
pulses observed in nature, and discuss its possible use for quantifi- 
cation of volcanic eruptions. 
After the major eruption on May 18, 1980, Mt. St. Helens, 
Washington, erupted several more times, one of the largest being 
on June 13, 1980. Seismic waves excited by this eruption were 
clearly recorded by a DWWSSN (Digital World-Wide Standard- 
ized Seismographic Network) station at Longmire (LON), a dis- 
tance of about 67 km from the volcano. Figure 1 shows the verti- 
cal and radial component records from the long-period channel. 
The amplitude on the transverse component (not shown) is very 
small, about one-fourth of the radial component. The major pulse 
in the beginning of the records exhibits a phase shift of about 90 ø 
between the vertical and horizontal components, and the particle 
motion is retrograde. These observations suggest that this pulse is 
a Rayleigh wave excited' by the erupt.ion. The wavelength of this 
pulse is about 60 km which is comparable to the distance. 
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Kanamori and Given (1982) demonstrate that the massive 
landslide associated with the May 18, Mt. St. Helens eruption can 
be modeled by a nearly horizontal single force, and is responsible 
for the excitation of long-period (•200 s) surface waves. On the 
other hand, Kanamori et al. (1983) show that the relatively short- 
period (5 - 30 s) waves observed for the May 18 eruption are due 
to nearly vertical forces. In general, a volcanic eruption may be 
modeled by a combination of a single force representing the thrust 
of the eruption and an isotropic source corresponding to the sud- 
den pressure release in the magma chamber. It can be shown (see 
Appendix to Kanamori et al., 1983) that, for a simple model of 
eruption, the amplitude ratio of seismic waves excited by the sin- 
gle force to those excited by the isotropic source is approximately 
equal to the ratio of the seismic-wave velocity to the particle velo- 
city of the fluid (or gas) in the magma chamber. Since this ratio is 
about 10, the source can be adequately modeled by a single force. 
On these grounds, the most straightforward interpretation of 
the LON records is that the counter force of the eruption excited a 
Lamb pulse that was recorded by the seismograph after travelling 
the distance omparable to its wavelen. gth. In orde r to investigate 
this problem in some detail, we compute Lamb pulses in a homo- 
geneous half space using the expressions given by Richards (1979). 
A Poisson solid with a P velocity of 5 km/s is used. We take a 
fight-handed Cartesian coordinate system with the X3 axis point- 
ing vertically upward. The free surface is at X3 -- 0. We assume 
that the force is applied at the origin, and consider waves pro- 
pagating in the positive X1 direction. Following Richards (1979), 
we write the j-th component of displacement due to a unit step 
single force in the i-th direction as Gi•. Then the relevant 
responses are: G• -- I1/•r•zr, G•---G•--I4/•r•zr, and 
G•3 -- I3/•r•zr, where •z is the rigidity and r is the distance. I1, I3, 
and 14 are the functions of time given by equations (10), (12), (13), 
(14) and (16) of Richards (1979). 13 and 14 correspond to the vert- 
ical and radial components of the displacement due to a vertical 
single force. Figure 2 shows 13 and 14 after they are convalved 
with the time derivative of the source time function of the form 
s(t) -- p/(p2+t2) that was used by Lamb (1904). Here p -- 0.15 s 
is used. These functions correspond to Wo and qo in Lamb's paper 
which are shown in the figure for comparison. Similar calcula- 
tions can be made for a horizontal single force. 
LON DWWSSN June 13, 1980 Mr. St Helens 
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Figure 1. Seismograms of the eruption of Mt. St. Helens on June 13, 
1980 recorded by a long-period digital seismograph (DWWSSN) at 
LON (A = 67 km, • -- 26ø). The top trace is the radial component 
(upward motion indicates the ground motion away from the source) 
and the bottom trace is the vertical component. Note the approxi- 
mately 90 ø phase shift between the vertical and the radial component 
characteristic of the retrograde particle motion of Rayleigh waves. The 
long-period wave on the ,vertical component arriving about three 
minutes after the first pulse is the air wave excited by the eruption. At 
the period of 25 s, the gain of each instrument is 500 counts/micron. 
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Figure 2. Lamb pulses computed for a downward vertical single force 
applied at the free surface of a homogeneous half-space. Richards' 
(1979) form•ulation is used. The source function is p/(t2+p 2) where p = 
0.15 •s. Corresponding traces givefi by Lamb (1904) are shown for 
comparison. • 
Next, we compute synthetic seismograms for a source time 
function s(t) by 
•tt[ Ii(t) * s(t) * G(t) 
where G(,t) is the seismograph response. Figure 3 shows synthetic 
seismograms for a symmetric triangular source time function hav- 
ing a total width of 5 s. The DwwssN long-period seismograph 
response is used. For a vertical single force, 13 an.d 14 determine 
the vertical and the radial, components respectively. For a hor- 
izontal single force (applied in -Xl direction), 14 and I• determine 
the vertical and radial components respectively. As shown by fig- 
ures 2.and 3 of Richards (1979), Il response has a relatively large 
amplitude at the P-wave arrival time. This is reflected in the large 
P wave for the radial displacement due to a horizontal force. 
Comparison of Figure 3 with Figure 1 clearly suggests that the 
synthetics for a vertical force explain the observed waveforms and 
the phase lag between the vertical and horizontal components 
bette. r than those for a horizontal single force, whicb suggests that 
the counter force is more vertical (downward) than horizontal. 
Although we cannot resolve the details of the force •geometry with 
the LQN record alone, this result is consistent with that of 
Kanamori et al. (1983). Figure 4 compares the synthetics for a 
vertical force with the observed. The synthetics are computed 
using r = 67km, • = 1.9 x 1011dyne/cm 2, and fM (peak value 
of the force) -- 5.6 x 10•Sdyne. There is some discrepancy Of
the waveform between the synthetics and the observed. The 
beginning of the synthetics represe.nts the transient response to the 
P wave (radial component) and the SV wave (vertical component) 
(see also Figure 3). The body waves are much smaller than the 
main Rayleigh-pulse and are comparable in amplitude to the 
background oise (see Figure 5). Here we are primarily concerned 
with the Rayleigh-wave signal, for which there is good agreement 
between the o•bserved and synthetic seismograms. Also, the 
observed records indicate some reverberations following the main 
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Figure 3. Synihe.tic seismograms computed for a vertical (downward) 
single force and a horizontal (away from station) single force applied at 
the free Surface of a homogeneous half-spac e. A symmetric triangular 
source function having 'a totaI width of 5 s is used. The response of the 
DWWSSN lqng,period seismograph is convolved with the ground is- 
placement. The distance is 67 :km, P velocity is 5 km/s and the 
Poisson's ratio is 0.251 Note the rela.tively large P wave on the radial 
component for a horizontal force. 
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pulse. This discrepancy is probably due to the dispersion during 
p,ropagat!on and the complexity ofthe source time history, but we 
do not pursue this point in view of the limitation of the single sta- 
tion data. 
In the present calculation, a total width of 5 s is used for the 
symmetric source time function. Beca,use of the relatively narrow 
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Figure 4. Comparison of the observed and synthetic seismograms. The 
dashed line indicates the arrival time of the Rayleigh pulse. 
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bandwidth of the instrument response, we cannot determine this 
value very well. A width of 10 s makes the synthetic too broad, 
but any value less than 5 s yields an adequate fit. Comparing the 
amplitude of the synthetic with the observed, we estimate the 
strength of the single force. If the duration of the source time 
function is shorter than the characteristic period of the instrument, 
here about 25 s, the amplitude of the synthetic sapproximately 
proportional t  theimpulse of the force K-- f0 f(t)dt. Our 
numerical experiment shows that the amplitude variation is _+ 16 
% around the average for 1 •< r •<15 s. In our caseK -- fMr/2 
where fM is the peak value of the force and r is the total width of 
the triangular function. Comparing the amplitude, we estimate 
fur/2 ---- 1.4 x 1016 dyne.s. If r is 5 s, fm ---- 5.5 x 1015 dyne. 
These estimates depend on the geometry of the source and its 
time history. Since our model is a very simple one, and details 
cannot be resolved, these values should be considered only 
approximate; they are probably uncertain by a factor of two or so. 
Similar Lamb pulses were observed for the main eruption on 
May 18, 1980, and the smaller eruptions on August 7 and 8, 
1980. For a relatively large eruption on July 22, 1980, no record 
is available. Figure 5 compares these records. The waveform of 
the main eruption is very complex compared with the others. 
This complexity is due to the complex eruptive sequence associ- 
ated with the May 18 event. Kanamori et at. (1983) analyzed far- 
field P waves excited by this event and conclude that the source is 
represented by a series of vertical single forces with a peak value of 
about 2.6 x 1017 dyne. The characteristic period of the seismo- 
gram for the main event is about 25 s and is significantly longer 
than that of the other events (Figure 5). In order to explain this 
period, the width of the source time function, expressed by a sym- 
metric triangular function, must be about 25 s. The characteristic 
periods of the August 7 and 8 events are about the same as that of 
the June 13 event. From the amplitude, we estimate 
K -- f•r/2 -- 3.7 x 1015dyne.s and 2.8 x 1015dyne.s for the 
August 7 and August 8 events respectively. For the main event, 
the waveform is very complex and long. If we use the time his- 
tory given by Kanamori et at. (1983), the impulse K is approxi- 
mately 1.4 x 1019dyne.s, about 3 orders of magnitude larger than 
that for the June 13 event. The results are summarized in Table 
1. 
Figure 5 also shows air waves excited by the eruptions. Since 
the DWWSSN seismograph system is not air-tight, it responds to 
LON DWWSSN LP, A=67 km,cl:)=26" 
pp= 71000 counts Air Wove 
294 •/- 
0 60 sec 
Figure 5. Comparison of the DWWSSN long-period seismograms (vert- 
ical component) for the four major eruptions. A portion of the long- 
period record for the May 18 event went off scale and is indicated by a 
dotted curve. The displacement record for this part is obtained from 
the intermediate-period channel after the difference in the response is 
corrected. Note the complexity of the waveform of the main eruption. 
The gain of the instrument is 500 counts/micron at T -- 25 s. 
Table 1. 
The impulse of the force, K, determined from the Lamb pulse. 
May 
June 
Aug. 
Aug. 
Event K r F• 
(dyne's) (s) (dyne) 
18 15:32 1.4 X 1019 25 2.6 X 1017 
13 04:10 1.4 x 1016 >5 >5.6 x 1015 
7 23:26 3.7 x 1015 <5 >1.5 x 1015 
8 05:32 2.8 x 1015 <5 >1.1 x 1015 
*fM is calculated by fs•--2K/r, for all events except the May 18 eruption. 
For the May 18 event, fs• and r taken from Kanamori et al. (1983) are 
used to calculate K. 
the change in the air density associated with the pressure change. 
It can be easily shown that the pressur e change AP produces the 
same response as the ground displacement 
T2g, p_•_. Iv. AP 
Y-- 4a '2 OM lg P 
where, T is the period, g is the acceleration of gravity, 0 is the den- 
sity of the air, P is the atmospheric pressure and ou is the average 
density of the effective mass of the seismograph. lv is the distance 
between the pivot of the pendulum and the center of volume of 
the effective mass, and lg is the distance between the pivot and the 
center of gravity of the effective mass. Using the physical parame- 
ters appropriate for the DWWSSN instrument, we have approxi- 
mately 
Ap/p-- 806y/T 2 
where y is in cm and T is in s. We estimate the amplitude of the 
air waves using this relation. For the main event, the high fre- 
quency component is filtered out. For the August 7 and 8 events, 
only the first cycle is used. The results are summarized in Table 
2. 
We note that the ratio n -- K/AP is about 20 to 40 times 
larger for the main eruption than for the later eruptions. This 
difference may be due to the difference in the eruption 
mechanism. The main eruption was associated with the massive 
landslide which uncapped the vent, while other eruptions took 
place without it. However, the details of the mechanism of air 
wave excitation need to be investigated before we can fully under- 
stand the reason for this difference. 
We have shown that the Lamb pulse can be used to deter- 
mine the impulse of the force, K, associated with the eruption. 
The impulse K is a very useful parameter for quantification of 
volcanic eruptions, because it can be related to various physical 
parameters such as the kinetic energy E and the pressure P. We 
let the total mass of the ejecta, the initial velocity, and the cross 
sectional area of the vent be M, Vo and S respectively. Then 
E .= (1/2)Mvo 2 and K -- Mvo, from which we have 
E -- (1/2)voK. Since the estimate of the initial velocity of ejecta 
ranges from 100 to 375 m/s (Kieffer, 1981; Friedman et at., 1981' 
Eichetberger and Hayes, 1982), the kinetic energy is estimated to 
range from 0.70 to 2.6 x 1023, 0.70 to 2.6 x 102ø, 1.9 to 
6.9 x 1019 , and 1.4to 5.3 x 1019ergsfortheMay 18, June 13, 
August 7 and August 8 eruptions respectively. The estimate of the 
pressure P can be made from f• if S is known. For the main 
event, if S is 2.5 x 109cm 2 (the value used by Kieffer, 1981), then 
P is estimated to be 104 bar which is approximately equal to the 
overburden pressure due to the landslide mass. 
Since the partition of energy between elastic-wave energy, air- 
wave energy and other types of energy (e.g. potential energy, ther- 
mal energy etc.) depends upon the mechanism of the eruption and 
the type of the volcano (e.g. andesitic versus basaltic), the meas- 
urement of Rayleigh waves alone provides only partial quantifica- 
tion of the eruption. Nevertheless, the method presented here 
provides a very simple means for quantification of the explosive 
power of volcanoes. 
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Table 2. Air-wave data. 
Event T Amp. (p-p) Equivalent •P K/•P 
(s) (counts) Ground Motion (mbar) 1013 s.cm 2
(•,) 
May 18, 1980 144 20,000 2,000 7.6 180. 
June 13, 1980 108 1,278 32 0.22 4.5 
Aug. 7, 1980 60 470 2 0.045 8.2 
Aug. 8, 1980 52 240 1 0.030 9.3 
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